A flow past a circular-section cylinder with a perforated conic shroud, in which the perforation is located at the peak of the conic disturbance as the shroud installed on the cylinder and uniformly distributed with several circular holes, is numerically simulated at a Reynolds number of 100. Two factors in the perforation are taken into account, i.e. the attack angle relative to the direction of incoming flow and diameter of holes. The effect of such perforation on the drag, lift and vortex-shedding frequency is mainly investigated. Results have shown that variation of the attack angle has a little effect, especially on the drag and vortex-shedding frequency, except in certain cases due to the varied vortex-shedding patterns in the near wake. The increasing hole diameter still exhibits a little effect on the drag and frequency of vortex shedding, but really reduces the lift, in particular at larger wavelength, such as the lift reduction reaching almost 66%-68% after introducing the perforation.
Introduction
Bluff bodies are commonly used in many engineering applications, for instance mooring cables, flexible risers and pipelines between the oil platform and submarine drilling well, cables in suspension bridges, and heat exchangers. When the flow passes bluff bodies, vortices are generated on surfaces due to the fluid viscosity and shed alternatively behind bodies. It is important because such phenomenon gives rise to unsteady loading, which further leads to the structural vibration, called vortex-induced vibration (VIV). Especially when synchronization occurs for vortex-shedding frequency close to natural frequency of structural oscillation, the sudden amplification in structural amplitude, as well as fluid forces, results in structural fatigue failure and integrity damage. Therefore, a great number of experimental and numerical investigations have been carried out to understand the dynamics of VIV in recent decades. Comprehensive reviews on this subject have been given in the literature (Sarpkaya, 2004; Williamson and Govardhan, 2004, 2008; Gabbai and Benaroya, 2005) .
On the other hand, eliminating the vortices alternatively shedding from bluff bodies, alleviating the unsteady fluid loadings and then suppressing VIV to improve structural validity are also significant. Therefore, many methods have been proposed over half a century and mainly attributed to control the wake dynamics. For example, on the cylinder surface, the control bump spirally distributed around the cylinder (Owen et al., 2001) reduces the drag about 47%. At a certain wave steepness, defined by the ratio of the wave height to the wavelength of wavy disturbance, there is not any more sign of vortex shedding in the near wake. Such device is mainly effective in the higher mass-damping parameter. The triple-starting helical grooves on surfaces (Huang, 2011) are also found to be effective in suppressing VIV with the peak-amplitude reduction of 64%. Drag reduction of up to 25% is achieved in the subcritical Reynolds numbers. In the boundary layer of the cylinder, two small rotating cylinders can delay the separation of the boundary layer away from the cylinder's surface (Korkischko and Meneghini, 2012) . The drag reduction reaches up to almost 60%. Around the cylinder, multiple control rods are used in suppressing VIV of slender flexible riser with the length to diameter ratio of 175 (Wu et al., 2012) . Displacements in both cross and in-line flows are reduced almost 90% with the minimum spacing ratio of 0.187. The dominant mode and end tension are slightly increased due to the existence of China Ocean Eng., 2017, Vol. 31, No. 3, P. 330-340 DOI: 10.1007/s13344-017-0039-9, ISSN 0890-5487 http://www.chinaoceanengin.cn/ E-mail: coe@nhri.cn Foundation item: This work was financially supported by the National Key Scientific Instrument and Equipment Development Program of China (Grant No. 2011YQ120048). *Corresponding author. E-mail: llmbirthday@163.com control rods. The ventilated trouser (VT) as an entirely new and innovative quasi-fairing for VIV suppression of cylindrical structures has been proposed and investigated recently (King et al., 2013) . The VT is a loose fitting sleeve in the form of a light flexible net with integral bobbins. Recently, a traveling wave wall as a kind of shape control method has been proposed to suppress VIV (Xu et al., 2014) . A series of small-scale vortices would be formed in the troughs of the traveling wave on the rear of cylinder, which could effectively control the flow separation and eliminate the oscillating wake. Generally speaking, the streamline fairing (Lee and Allen, 2005) exhibits a very good aerodynamic performance due to the streamlined outer shape and the resultant of the delay of flow separation. It could also be achieved through installing (free-to-rotate) two-dimensional (2-D) splitter plates (Assi et al., 2009; Huera-Huarte, 2014) . The largest drag reduction is about 60%. Along the riser's span, helical strake (Trim et al., 2005; Korkischko and Meneghini, 2010) is the most widely used way presently to disturb the spanwise uniformity of vortex shedding. More information about them or other passive control methods can be found in review works (Sarpkaya and Isaacson, 1981; Kumar et al., 2008; Wu and Sun, 2009) .
Lately, another VIV suppressing method has been proposed by introducing three-dimensional (3-D) geometric disturbance, such as a wavy front surface (Bearman and Owen, 1998) and totally wavy cylinders with invariant circular-or square-sections (Owen et al., 1999; Darekar and Sherwin, 2001; Lin et al., 2010) . Effect of such wavy disturbance would be sensitive to specific incoming flow direction because it is introduced in a streamwie-spanwise plane. To be omni-direction, radial disturbance introduced in a radial-spanwise plane was thus proposed (Lin et al., 2011) , such as harmonic, spheroidal, ellipsoidal, conic and coniclike disturbances. It should be emphasized here that these radial disturbances are installed outside the straight cylinder as a kind of VIV shroud. Among them, the harmonic disturbance has been investigated through experimental measurements of its wake and numerical simulations by largeeddy simulations (LES) (Zhang et al., 2005; Lam and Lin, 2008, 2009) , which really reduces drag and lift within a certain range of parameters. Meanwhile, experimental results for VIV of pendulum with harmonic and conic-like disturbances in water channel (Lin et al., 2012) have shown that the oscillating amplitude is reduced greatly at the start of lock-in, but increased at a higher reduced velocity. This indicates that the frequency of vortex shedding from cylinders with these disturbances is reduced in comparison with that without disturbances, verified lately by numerical simulations (Lin et al., 2013 (Lin et al., , 2014b . Because of the intrinsic difference between pendulum and riser, the flow past the fixed circular cylinder with harmonic and conic disturbances was numerically simulated at the Reynolds number of 100 (Lin et al., 2013 (Lin et al., , 2014a . Results have shown that variations of hydrodynamic parameters, vortex patterns in the near wake and other flow characteristics are qualitatively similar for such two disturbances with varied wavelength and wave steepness. Subsequently, the flow past the cylinder with the conic disturbance is further investigated at other subcritical Reynolds numbers (10 3 , 10 4 and 10 5 ) (Lin et al., 2014b (Lin et al., , 2015 . Generally, the drag is gradually increased as the wave steepness increases, while the lift is firstly reduced quickly and then increased gradually. The frequency of vortex shedding is gradually decreased with the increasing wave steepness.
Based on the conic disturbance above, an improvement is adopted for initial goals, further trying to reduce the drag and lift forces as much as possible. On the basis of previous work (Lin et al., 2014a) , the time-averaged pressure at the peak of conic disturbance is obviously greater than that at the valley; and the increase of drag is mainly attributed to the greatly increasing projected area due to the introduction of conic disturbance. In addition, the straight, circular-section and perforated shroud has been already proposed as a kind of methods in suppressing VIV over thirty years reported in a literature (Sarpkaya and Isaacson, 1981) . Thus, such kind of improvement, the perforation on the conic shroud, is applied with several holes uniformly distributed at the peak of shroud (Lin et al., 2015) . Results have shown that in a certain range of control parameters, the drag is really reduced a little, while the lift is reduced greatly with the change of vortex-shedding patterns in the near wake.
In the present paper as one of a series of works, the main purpose is to qualitatively investigate the effect of such perforation on the drag, lift and frequency of vortex shedding at the Reynolds number of 100. Two factors, the attack angle due to the specific direction of holes relative to the direction of incoming flow and diameter of holes, are considered. This paper is organized as follows. The numerical simulations, including the physical model and numerical methods and so on, are presented at first. Then results of the effect of both factors are given in detail. Finally the conclusions are made in brief.
Numerical simulations

Physical model
As shown in Fig. 1 , an incompressible flow with the constant density ρ and kinematic viscosity ν past two kinds of circular-section cylinders is taken into account. Among them, one as shown in Fig. 1a introduces the conic disturbance along the span into the straight circular cylinder, referred to as the conic cylinder (marked by a letter of 'C' in the following figures), and another in Fig. 1b is obtained by introducing perforation at the peak of conic disturbance with several circular holes uniformly distributed along the azimuthal direction on the basic conic cylinder, referred to as LIN Li-ming et al. China Ocean Eng., 2017, Vol. 31, No. 3, P. 330-340 
